Posttranslational modifications of nucleosomal histones play pivotal regulatory roles in all aspects of eukaryotic chromosome dynamics: replication, recombination, repair, segregation, and gene expression. These modifications include acetylation, methylation, phosphorylation, ubiquitination, sumoylation, and ADP-ribosylation (71) . Many of these modifications often occur together within the same histone or nucleosome or within neighboring nucleosomes, creating distinct chromatin domains (71) . Particular combinations of residue-specific modifications typically correlate with specific functional consequences for the modified chromatin domains (71) .
In Saccharomyces cerevisiae, chromatin-mediated silencing at telomeres and the HM loci is particularly sensitive to histone acetylation and methylation, which appear to disrupt the ability of the silencing proteins Sir3p and Sir4p to bind to, or assemble along, the nucleosome fiber. For example, tethering of histone acetylases to silent domains increases histone acetylation within these domains and blocks the propagation of silencing (16) . Similarly, overexpression of a histone methylase greatly increases global histone methylation and disrupts silencing (85, 92) . In vitro, fragments of Sir3p bind unacetylated and unmethylated histone peptides better than those that are acetylated or methylated (13, 81) , demonstrating the preference of Sir3p for unmodified histones. Because of this preference, histone acetylation and methylation appear to be excluded from silent chromatin (5-7, 63, 79, 88, 90) .
In genetic screens looking for factors that compromise telomeric silencing, we previously identified a number of genes that encode protein modification enzymes, such as DOT1, DOT4, and RAD6 (37, 85) . Dot1p is a histone methyltransferase that methylates Lys79 of histone H3 in the context of the nucleosome (24, 49, 65, 92) . H3 Lys79 methylation is primarily associated with active chromatin-approximately 90% of histone H3 in yeast is methylated at this site (92)-and the modification is absent from silent chromatin loci (63) . Loss of DOT1 completely abrogates Lys79 methylation, which results in a reduction of Sir protein binding to the telomeres and a concomitant loss of telomeric silencing (92) . However, loss of DOT1 also results in increased Sir protein binding to subtelomeric regions (92) . We have hypothesized that this reflects a promiscuous binding of Sir3p to nucleosomes outside of silent regions due to the absence of H3 Lys79 methylation (92) . Because Sir3p is limiting in the cell (11, 87, 89) , such promiscuous binding reduces the effective amount of Sir3p available for the normally silenced loci (93) .
Methylation also occurs on Lys4 of histone H3 by action of the Set1 protein (8, 45, 62, 69, 77) . Lys4 methylation is similar to Lys79 methylation: it is normally associated with active chromatin (5, 82) , and Sir protein binding is reduced in silent regions when Lys4 methylation is abolished (81) . Simultaneous loss of H3 Lys79 and Lys4 methylation by deletion of DOT1 and SET1 synergistically reduces Sir protein binding to the telomeres (64) , indicating that these two modifications function together to prevent the promiscuous binding of Sir proteins to active chromatin.
The ubiquitin-conjugating enzyme Rad6p is also required for telomeric silencing (37) . Rad6p functions with Bre1p, its cognate ubiquitin-protein ligase (39, 95) , to attach ubiquitin to Lys123 of histone H2B (76) . Over 25 years ago it was found that ubiquitinated H2B and H2A are associated with transcriptionally active chromatin in higher eukaryotes (54, 68) . Consistent with this, components of the Paf1 transcriptional elongation complex are required for H2B ubiquitination in S. cerevisiae (46, 64, 96) . Although its precise role in transcription is unclear, H2B ubiquitination is required in vivo for H3 Lys4 and Lys79 methylation (9, 20, 67, 91) . It is proposed that the ubiquitin moiety on H2B may recruit proteasomal ATPases to prepare the chromatin for Set1p and Dot1p activity (22) . Because loss of H3 Lys4 and Lys79 methylation disrupts silencing (81, 92) , the requirement of Rad6p function for telomeric silencing is likely to be indirect and due to its role in ubiquitinating H2B as a precursor to establishing both H3 Lys4 and Lys79 methylation in active chromatin.
Taking all of this together, it is clear that silencing requires both the addition of histone acetylation and methylation in active chromatin and the removal or prevention of these histone modifications in silent regions. Removal of histone acetylation in silent regions is carried out by the silencing protein and histone deacetylase Sir2p (40, 50, 86) . Although a demethylase that targets H3 Lys4 mono-and dimethylation has been identified in mammals (83) , no homologous lysine demethylases are known in S. cerevisiae. Thus, it is not known if H3 Lys4 and Lys79 methylation can be directly removed from silent regions if established. Instead, removal of ubiquitin from H2B by ubiquitin proteases prior to the establishment of H3 Lys4 and Lys79 methylation may be one mechanism for limiting these H3 modifications in silent regions. Of the 17 known and putative ubiquitin proteases in S. cerevisiae (2) , Ubp8p has been shown to regulate the levels of ubiquitinated H2B as part of the transcriptional activator complex SAGA (18, 33, 80) , indicating that removal of ubiquitin from H2B does occur. However, Ubp8p is not known to function in silencing.
We previously discovered that the ubiquitin protease Dot4p (now known as Ubp10p) is important for silencing in vivo (43) . The absence of Dot4p ubiquitin protease activity, either by deletion of DOT4 or mutation of the catalytic residue, results in reduced silencing, especially at telomeres (43, 85) . By twohybrid analysis, we found that Dot4p interacts with the silencing protein Sir4p (43), and we proposed that Dot4p acts at, or is part of, silent chromatin. However, we had not identified any in vivo substrates of Dot4p. Given the association of Dot4p with silent chromatin and the role of H2B ubiquitination in H3 Lys4 and Lys79 methylation, we investigated whether Dot4p's ubiquitin protease activity regulates the levels of H2B ubiquitination to limit H3 Lys4 and Lys79 methylation in silent regions, as has been previously proposed (78) .
MATERIALS AND METHODS
Reagents. General chemical and enzymatic reagents were obtained from New England Biolabs (Beverley, MA), Sigma (St. Louis, MO), Fisher (Pittsburgh, PA) and Pierce (Rockford, IL). Nitrocellulose (Protran; pore size of 0.2 M) was obtained from Schleicher and Schuell (Keene, NH). The anti-Myc and anti-FLAG antibodies were obtained from Sigma and used at 1:10,000 dilutions for Western blotting or 1:500 dilutions for chromatin immunoprecipitations (ChIP). Anti-monomethyl, -dimethyl, and -trimethyl Lys4 histone H3 antibodies were obtained from Upstate (Waltham, MA) and used at 1:5,000 dilutions for Western blotting and 1:500 dilutions for ChIP. Anti-dimethyl Lys79 histone H3 antibody was made as previously described (92) and used at 1:2,000 dilutions for Western blotting and at 1:100 dilutions for ChIP. Purified anti-Sir2p polyclonal antibodies against the N-terminal 19 residues of Sir2p were obtained from Santa Cruz Biotechnology (Santa Cruz, CA), and used at a 1:500 dilution for ChIP. Mouse anti-Sir3p monoclonal antibodies were made as previously described (92) , and used at 1:3 dilutions for ChIP. Vistra Green, ECL chemiluminescence immunodetection reagents, sheep anti-mouse horseradish peroxidase-conjugated antiserum, and donkey anti-rabbit horseradish peroxidase-conjugated antiserum were obtained from Amersham Biosciences (Piscataway, NJ); the antisera were used at 1:2,000 dilutions. IRDye800-conjugated goat anti-mouse and anti-rabbit antibodies were obtained from Rockland Immunochemicals (Gilbertsville, PA). Protein G Dynabeads were obtained from Dynal (Brown Deer, WI).
Recombinant DNA, molecular cloning, and yeast strains. Standard molecular biology techniques were used. Plasmids and yeast strains used in this study are described in Table 1 . Yeast deletion alleles were made by PCR amplification of the appropriate knockout construct, followed by transformation into yeast cells using standard yeast transformation techniques (http://www.fhcrc.org/labs /gottschling).
ChIP assays. ChIP assays were performed similar to those previously described (92) , with some changes. Yeast extract-peptone-dextrose (YEPD; 200 ml) cultures were grown to a cell density of 2 ϫ 10 7 cells/ml and subjected to cross-linking with 1% formaldehyde. Cell lysates were prepared, and lysates were sonicated eight times for 30 s using a Fisher Scientific sonic dismembrator model 60. Sonication resulted in an average fragment size of 500 to 800 bp (data not shown). Clarified lysates were stored at Ϫ80°C until required.
For the Ubp10p-Myc ChIPs, cross-linking was performed differently. Cells were first harvested by centrifugation, washed twice in phosphate-buffered saline, and resuspended in 50 ml of phosphate-buffered saline. Dimethyl adipimidate was added to a final concentration of 10 mM to improve cross-linking (48) , and the cells were incubated at room temperature for 45 min. Formaldehyde was added to a final concentration of 1%, and the cultures were incubated at room temperature for an additional 15 min. Samples were prepared as described above.
Initial multiplex PCR amplifications were performed on various concentrations of immunoprecipitates and total lysates to determine the concentration required for amplification in the linear range. Final multiplex PCR amplifications were performed using a single concentration previously determined to be in the linear amplification range. PCR products were resolved on 2% agarose (1ϫ Tris-acetate-EDTA) gels. Gels were stained with Vistra Green and analyzed using a PhosphorImager (Molecular Dynamics) and ImageJ software. Oligonucleotide sequences for PCR amplifications are listed in Table 1 .
Western analyses. Whole-cell lysates were prepared as previously described (26) , with some changes. Cultures were grown in YEPD or yeast complete (YC) medium at 30°C to the desired optical density (2 ϫ 10 7 cells/ml for logarithmically growing cells, overnight saturation for diauxic cells, and 7-day saturation for stationary cells), and equal numbers of cells (1.6 ϫ 10 8 ) were harvested by centrifugation. Cells were lysed in 300 l of SUME (8 M urea, 1% sodium dodecyl sulfate, 10 mM morpholinepropanesulfonic acid, pH 6.8, 10 mM EDTA) containing 0.01% bromophenol blue and 10 mM phenylmethylsulfonyl fluoride by mechanical shearing using acid-washed glass beads. For immunoblotting, 5-to 20-l samples of the cellular lysates were resolved on 16% sodium dodecyl sulfate-polyacrylamide gel electrophoresis gels, and the proteins were transferred to nitrocellulose and immunoblotted with the appropriate antibody.
Transcript DNA microarrays. Transcript DNA microarrays similar to those previously described (23) were performed in triplicate. Dye-reversal experiments were performed to identify sequence-specific dye biases. Statistical analysis of microarray data was performed as previously described (17) , using a Bayesian t statistic derived for microarray analyses (3) and a false discovery rate methodology (4) to account for multiple testing. The entire normalized data set is in Table S1 in the supplemental material; the National Center for Biotechnology Information Gene Expression Omnibus accession numbers for the series of individual data sets are GSE2329 (ubp10⌬ and ubp8⌬ series) and GSE2330 (ubp10 C371S and ubp10 ⌬94-250 series).
RESULTS
In our earlier work, we found that loss of DOT4 results in reduced steady-state levels of HA epitope-tagged Sir4p, and we speculated that Dot4p might control Sir4p stability, perhaps by regulating its ubiquitin-dependent degradation (43) . How- ever, in subsequent testing we found that the HA epitope tag (or the T7-or Myc-epitope tag) added to the N terminus of Sir4p results in aberrant degradation of Sir4p (data not shown). Using new antibodies, we found that untagged Sir4p is normally stable and not subject to ubiquitination (27) . We also found that the steady-state levels of untagged wild-type Sir4p are unchanged in dot4⌬ cells (data not shown). Thus, the alteration of Sir4p stability by loss of DOT4 is an artifact of epitope tagging the protein and not a normal mode of regulation. As a result, we turned our attention to other potential substrates of Dot4p.
(Concurrent with our initial discovery (85), DOT4 was also found by homology searches for ubiquitin proteases and named UBP10 (36) . Because UBP10 is now the standard name for the gene in the Saccharomyces Genome Database (http ://db.yeastgenome.org/cgi-bin/locus.pl?locus ϭ ubp10), we will henceforth use UBP10 rather than DOT4. By doing so, we have renamed the previously constructed dot4 alleles, dot4-1 and dot4-5 (43) , with the more descriptive ubp10 nomenclature, ubp10 C371S and ubp10 ⌬94-250 , respectively.) Ubp10/Dot4p negatively regulates histone H2B ubiquitination in vivo. With Sir4p eliminated as a substrate of Ubp10p, we turned our attention to histone H2B due to the fact that H2B ubiquitination is required for histone H3 Lys4 and Lys79 methylation (9, 20, 67, 91) , both of which antagonize Sir protein binding to chromatin (64, 81, 92) . To determine if Ubp10p targets ubiquitinated H2B, we examined the steady-state levels of H2B ubiquitination in ubp10⌬ cells. Compared to wild-type cells, ubp10⌬ cells have approximately threefold higher steadystate levels of H2B ubiquitination ( Fig. 1) , supporting the idea that ubiquitinated H2B is a bona fide substrate of Ubp10p. In fact, the increased steady-state levels of H2B ubiquitination in ubp10⌬ cells are similar to the approximately fivefold higher levels observed in ubp8⌬ cells (Fig. 1) ; Ubp8p is a ubiquitin protease recently shown to regulate H2B ubiquitination (18, 33) . Deletion of both UBP10 and UBP8 results in a further increase in the steady-state levels of H2B ubiquitination that is greater than that seen in either ubp10⌬ or ubp8⌬ cells (Fig. 1) . These results indicate that Ubp10p and Ubp8p act upon separate populations of ubiquitinated H2B in part, which is consistent with their distinct roles in silencing and SAGA-mediated transcription, respectively (33, 43) .
Ubp10/Dot4p negatively regulates global histone H3 Lys4 and Lys79 methylation. The previously documented dependence of histone H3 Lys4 and Lys79 methylation on H2B ubiquitination led us to examine if loss of UBP10 or UBP8 altered H3 methylation. Using specific antibodies, we examined steady-state levels of H3 Lys4 mono-, di-or trimethylation or H3 Lys79 dimethylation. Although the changes were often modest, ubp10⌬ cells did have reproducibly higher steady-state levels of all forms of H3 Lys4 methylation and of H3 Lys79 methylation compared to wild-type cells (Fig. 1 , and see Fig. 6 and 7). In contrast, we observed no detectable increase in H3 Lys4 or Lys79 methylation in ubp8⌬ cells (Fig. 1) , indicating that increased H2B ubiquitination alone is not sufficient for increased H3 methylation. In ubp10⌬ ubp8⌬ cells, H3 Lys4 and Lys79 methylation are also increased similar to ubp10⌬ cells (Fig. 1B) . Altogether, the higher steady-state levels of H2B ubiquitination in ubp10⌬ cells likely present an increased opportunity for H3 Lys4 and Lys79 methylation. A recent study found modest decreases in the steady-state levels of H3 Lys4 di-and trimethylation but a 10-fold increase in the steady-state levels H3 Lys4 monomethylation in ubp8⌬ cells (18) . However, we do not see much change in the levels of any form of H3 Lys4 methylation in ubp8⌬ cells (Fig. 1) . One possibility for the difference is that H3 Lys4 methylation was analyzed in acid-extracted histones in the previous study (18) , whereas we examined H3 Lys4 methylation in whole yeast cell extracts (see Materials and Methods). Perhaps there exists a soluble, nonnucleosomal pool of Lys4-methylated histone H3 that is detected by the whole-cell extract but not by the differential extraction method. If so, the extraction method would reveal information about the state of H3 Lys4 methylation exclusively in the nucleosome. Alternatively, the various forms of Lys4-methylated histone H3 could have different solubilities that affect recovery during the extraction procedure. Whatever the reason, our results in whole-cell extracts are reproducible and show little change in global H3 Lys4 methylation in the absence of UBP8 ( Fig. 1; see Fig. 7 ), which is consistent with very little role for Ubp8p in global transcription (see Fig. 8 ).
Ubp10/Dot4p is enriched at silenced loci. Negative regulation of H2B ubiquitination would explain the role of Ubp10p in silencing, given that H2B ubiquitination is required for histone H3 Lys4 and Lys79 methylation (9, 20, 67, 91) , both of which antagonize Sir protein binding to chromatin (64, 81, 92) . Because Ubp10p is involved in silencing telomeric gene expression through a direct interaction with Sir4p (43, 85) , it seemed likely that Ubp10p is localized specifically to silent chromatin to reverse H2B ubiquitination. By chromatin immunoprecipitation, we found that Ubp10p is preferentially localized to the silent telomere VIR and the silent mating locus HMRa compared to active chromatin regions such as GAL1 and SAN1 (Fig. 2) .
Previously, we made a number of ubp10/dot4 mutant alleles that are compromised for telomeric silencing (43) . In particular, we constructed two alleles: ubp10 C371S (originally named dot4-1), which renders Ubp10p nonfunctional by substitution of the active site Cys371 with Ser, and ubp10 ⌬94-250 (originally named dot4-5), which is catalytically active but can no longer bind Sir4p due to deletion of the Sir4p-binding region spanned by residues 94 to 250. We found that the Ubp10 C371S protein is preferentially localized to the silent regions at telomere VIR and HMRa, similar to wild-type Ubp10p (Fig. 2) , whereas the Ubp10 ⌬94-250 protein has no preference for silent loci (Fig. 2) . Loss of Ubp10p preferential localization to silent regions was also observed when the silencing genes SIR2, SIR3, or SIR4 were deleted. Thus, Ubp10p is enriched at silent chromatin via its interaction with Sir4p, and Ubp10p localization is independent of its ubiquitin protease activity.
Loss of Ubp10/Dot4p function and targeting disrupts global silencing of telomeric genes. We next determined if Ubp10p's function in gene repression is similarly biased toward silent regions by examining global gene expression in ubp10 mutant cells using DNA microarrays. To avoid secondary effects due to the slow-growth phenotype of ubp10⌬ and ubp10 C371S cells in synthetic (YC) medium (43), we grew cells used for the expression analysis in rich (YEPD) medium. After applying rigorous statistical criteria (see Materials and Methods), we found that 90 genes have increased expression by 1.5-fold or greater in ubp10⌬ cells, and 50 of these genes are located within 20 kbp of the telomeres (Fig. 3A and see Table S1 in the supplemental material). Because less than 5% of all genes are located within 20 kbp of the telomere, the enrichment of telomeric genes in the ubp10⌬ expression profile indicates that the role of Ubp10p in gene expression is biased toward regulation of telomeric silencing. We also found that 40 genes have decreased expression by at least 1.5-fold in ubp10⌬ cells; 7 of these genes are located within 20 kbp of the telomeres ( Fig.  3A ; see Table S1 in the supplemental material). As expected, the gene expression profile of ubp10 C371S cells significantly overlaps that of ubp10⌬ cells (Fig. 3B and see Table S1 in the supplemental material), indicating that Ubp10p's ubiquitin protease activity is largely responsible for its role in gene regulation near telomeres and elsewhere in the genome.
The gene-expression profile of ubp10 ⌬94-250 cells contrasts
Ubp10p negatively regulates histone H2B ubiquitination and H3 Lys4 and Lys79 methylation levels. Global steady-state H2B ubiquitination levels from whole-cell lysates were assayed using anti-FLAG antibodies that recognize the FLAG epitope placed on the N terminus of H2B (76) . Global steady-state H3 Lys4 and Lys79 methylation levels were also assayed using antibodies specific for mono-, di-, and trimethylated Lys4 forms of H3 as well as an antibody generated against the dimethylated Lys79 form of H3 (92) . Whole-cell lysates were derived from strains UCC6369 (wild type), UCC6390 (ubp10⌬), UCC6392 (ubp8⌬), UCC6393 (ubp10⌬ ubp8⌬), and UCC6163 (rad6⌬) that were harvested during log-phase growth. rad6⌬ cells served as a negative control for H2B lacking ubiquitin. Changes in levels (n-fold) of H2B ubiquitination and H3 Lys4 and Lys79 methylation for each mutant strain relative to the wild-type strain are shown below each corresponding lane and are the average of three independent experiments. Quantitation was performed using National Institutes of Health ImageJ software. Table S1 in the supplemental material), indicating that the Ubp10 ⌬94-250 protein, which has the Sir4p-binding region deleted, is specifically defective in telomeric silencing. These results also indicate that the nontelomeric gene expression changes in ubp10⌬ and ubp10 C371S cells are not an indirect result of losing telomeric gene silencing.
Ubp10/Dot4p reduces histone H3 Lys4 and Lys79 methylation at telomeric loci. Ubp10p is preferentially localized to silent chromatin, important for repression of telomere-proximal genes, and negatively regulates H2B ubiquitination levels. It is therefore likely that the increased expression of telomereproximal genes in the absence of Ubp10p function is the result of increased H2B ubiquitination within silent loci. To determine directly if this is the case, we required reagents (i.e., antibodies) that specifically recognize ubiquitinated H2B and can be used in chromatin immunoprecipitation experiments. Despite multiple efforts, we were unable to generate such reagents, and none are available elsewhere. Instead, we chose to use H3 Lys4 and Lys79 methylation as indirect markers of H2B ubiquitination because these modifications both require H2B ubiquitination and because antibodies specific for these modifications are readily available (9, 20, 67, 91) .
For the ChIP assay, we used several loci indicative of different chromatin states including the repressed GAL1 locus, the actively transcribed SAN1 locus, the silent HMRa locus, and a silent region adjacent to telomere VIR. Under the growth conditions that we used for the assay, neither the repression of GAL1 nor the expression of SAN1 is altered by deletion or mutation of UBP10 (see Table S1 in the supplemental material). Thus, the GAL1 and SAN1 loci served as independent internal controls to judge the relative changes in H3 Lys4 and FIG. 2. Ubp10p is preferentially localized to silent chromatin. In vivo cross-linking analysis was performed using strains UCC6389 (untagged UBP10), UCC6390 (ubp10⌬), UCC6408 (UBP10-6Myc), UCC6406 (ubp10 C371S -6Myc), UCC6407 (ubp10 ⌬94-250 -6Myc), UCC6475 (UBP10-6Myc, sir2⌬), UCC6477 (UBP10-6Myc, sir3⌬), and UCC6479 (UBP10-6Myc, sir4⌬) . A ChIP assay of Ubp10 proteins was performed using anti-Myc antibodies specific for the six-Myc tag fused to the C termini of the wild-type Ubp10, mutant Ubp10 C371S , and mutant Ubp10 ⌬94-255 proteins. ChIP was also performed using untagged wild-type Ubp10p as a control. Multiplex PCR amplifications were performed to assess Ubp10p binding at the silent domains of telomere VIR and HMRa, the active SAN1 gene, and the repressed GAL1 gene. DNA of the total lysate was amplified as a control. Using antibodies that recognize H3 Lys4 trimethylation or Lys79 dimethylation, we found that both modifications are increased at the telomere-proximal position on telomere VIR in ubp10⌬ cells (Fig. 4) . We also found similar increases at a telomere-proximal position on telomere VIIL (data not shown). We could not detect an increase in Lys4 methylation at the silent mating-type loci HMRa in ubp10⌬ cells but did detect a small increase in Lys79 methylation (Fig. 4) . The lack of a significant increase in H3 Lys4 or Lys79 methylation at HMRa is consistent with the absence of transcription at the silent mating loci in ubp10⌬ cells (see Table S1 in the supplemental material).
We also performed the ChIP analysis with either ubp10
C371S
or ubp10 ⌬94-250 cells. Interestingly, in ubp10 C371S cells we saw a greater increase in H3 Lys4 and Lys79 methylation in the silent regions at telomeres VIR and HMRa, even though both ⌬94-250 cells are specifically defective in telomeric silencing. Positional cluster analysis shows expression changes of genes based on distance from telomeres. Only genes expressed greater than or less than 1.5-fold in at least one of the strains are shown (total number of genes shown is 222). Genes located within 20 kbp of their respective telomeres are marked on the left as "telomeric regions." See Table  S1 in the supplemental material for the entire normalized data set. ), and UCC4836 (sir4⌬). ChIP assays of H3 Lys4 and Lys79 methylation and Sir3p binding were performed using antibodies specific for H3 Lys4 trimethylation, H3 Lys79 dimethylation, or Sir3p. Multiplex PCR amplifications were performed to assess the degree of H3 Lys4 methylation, H3 Lys79 methylation, and Sir3p binding at the silent domains of telomeres VIR and HMRa, the active SAN1 gene, and the repressed GAL1 gene. DNA of the total lysate was amplified as a control. (Fig. 4) . Although ubp10 ⌬94-250 cells also have increased H3 Lys4 methylation at telomere VIR, the increases are less than in ubp10⌬ cells (Fig. 4) , which is consistent with a weaker silencing defect in ubp10 ⌬94-250 cells (see Table S1 in the supplemental material). We did not observe statistically significant increases in H3 Lys79 methylation at telomere VIR in ubp10 ⌬94-250 cells. However, is possible that the normally high levels of H3 Lys79 methylation in the genome (Ͼ90% of all nucleosomes) result in a higher background that masks small increases. Accordingly, increases in H3 K79 methylation at silent regions were consistently two-to threefold lower than increases in H3 Lys4 methylation (Fig. 4  and 5) .
As expected, the greatest increases in H3 Lys4 and Lys79 methylation at telomeres VIR and HMRa occur in sir4⌬ cells (Fig. 4) , in which silencing is completely disrupted (Fig. 5E) . Although loss of Ubp10p function at telomeres does not have as great an effect as loss of Sir4p function, all ubp10 mutations result in increased histone H3 modifications at silenced loci.
Increased H3 Lys4 and Lys79 methylation at telomere VIR in ubp10 mutant cells would be expected to result in reduced Sir protein binding. In ubp10⌬ cells, we observed modest decreases in Sir3p binding to telomere VIR (Fig. 4) and telomere VIIL (data not shown), but there is no effect on Sir3p localization to HMRa (Fig. 4) , which is consistent with the fact that ubp10⌬ cells show little change in silencing at HMR (or HML) and are still able to mate with high efficiency (43, 85) . As with the above H3 Lys4 and Lys79 methylation increases, the decreases in Sir3p localization at telomere VIR are far greater in ubp10 C371S cells than in ubp10⌬ cells (Fig. 4) . One possible explanation for this difference is that the full-length, but catalytically inactive, Ubp10 C371S protein has a longer association with Sir4p than wild-type Ubp10p, and this interferes with the binding of the other Sir proteins. Like ubp10⌬ cells, ubp10 ⌬94-250 cells have modest reductions in Sir3p binding to telomeres. In all mutant ubp10 cells, changes in Sir2p binding to telomeres were similar to those observed for Sir3p, with no detectable change at the silent mating loci (data not shown).
While Sir2p and Sir3p binding in all ubp10 mutant cells can still be detected, Sir2p and Sir3p binding is eliminated in sir4⌬ cells (Fig. 4 and data not shown), which is consistent with loss of SIR4 having a far greater effect on silencing than loss of UBP10 (85) . Thus, it appears that Ubp10p activity is not required for Sir protein binding at silent loci but optimizes Sir protein association instead.
Ubp8p does not regulate Lys4 and Lys79 methylation within silent regions. Loss of UBP10 results in increased H2B ubiquitination (Fig. 1) , which is the likely cause for the increases in H3 Lys4 and Lys79 methylation in silent regions. Loss of UBP8 also results in increased H2B ubiquitination (Fig. 1) , so we tested if similar increases in H3 Lys4 and Lys79 methylation occur at silent regions in ubp8⌬ cells as they do in ubp10⌬ cells. By ChIP analysis, we found no effect of losing UBP8 on H3 Lys4 or Lys79 methylation in silent regions, nor did we find a detectable change in Sir2p or Sir3p binding to the telomeres (Fig. 5A to D) . Loss of UBP8 also has no effect on telomeric silencing ( Fig. 5E; see Fig. 8 ). Ubp8p's lack of involvement in any aspect of silencing indicates that it is specifically Ubp10p's regulation of H2B ubiquitination that is required for silencing.
Loss of UBP8 has been previously reported to result in an increase in H3 Lys4 trimethylation at GAL1 under repressing conditions of growth in glucose (33) . This is curious because H3 Lys4 trimethylation has been shown to occur specifically in the 5Ј coding portion of active genes and is absent from inactive and repressed genes (66, 82) . Consistent with GAL1 repression in glucose-grown cells, we find no noticeable change in H3 Lys4 trimethylation at GAL1 in the absence of UBP8 (Fig. 5A to C) . The difference between our results and those from the earlier study might be explained by differences in the strains used in each study: Henry and colleagues used yeast strains derived from W303 (33), whereas we used yeast strains derived from S288c. In general, glucose repression appears to be less stringent in W303-derived strains than in S288c-derived strains (10) . For GAL1 gene repression in particular, it has been shown that short-term GAL1 repression in W303-derived strains occurs more slowly and is less stringent than in S288c-derived strains (25) . A low level of GAL1 expression in glucose-grown W303-derived strains, but not in S288c-derived strains, might explain the difference in the results.
Function of Ubp10/Dot4p is not restricted to silent loci. The gene expression profiles of dot4 mutant cells (Fig. 3) indicated that Ubp10p activity is not restricted to the regulation of telomeric loci since the majority of total genes with altered expression in ubp10⌬ cells (73 out of 130) are nontelomeric. The transcriptional effects at these loci are not the indirect result of derepression at telomeres because none of these genes shows altered expression in ubp10 ⌬94-250 cells, which are specifically defective in telomeric silencing (Fig. 3) . Thus, Ubp10p likely has a direct effect on gene expression at these nontelomeric loci. However, it was not clear whether the expression of these nontelomeric loci is also regulated via modulation of H2B ubiquitination levels by Ubp10p. To address this issue, we examined total H2B ubiquitination and H3 Lys4 dimethylation levels in the various ubp10 alleles described above. Steadystate levels of both H2B ubiquitination and H3 Lys4 dimethylation are increased to the same level in ubp10⌬ and ubp10 C371S cells (Fig. 6A) . Surprisingly, H2B ubiquitination and H3 Lys4 dimethylation levels in ubp10 ⌬94-250 cells are identical to wild-type UBP10 cells (Fig. 6A) , even though silencing at telomeric loci is compromised in ubp10 ⌬94-250 cells. Because silent regions comprise approximately 10% of total chromatin (52, 55, 92) , any increases in the steady-state levels of H2B ubiquitination that occur solely as a result of loss of silencing might not be detected by Western analysis. Supporting this idea, deletion of any individual SIR gene has no effect on the steady-state levels of H2B ubiquitination or H3 Lys4 dimethylation (Fig. 6B) . Thus, the ubp10 ⌬94-250 allele reveals that Ubp10p activity is not restricted to silent regions and that Ubp10p also acts on nontelomeric regions to regulate H2B ubiquitination levels.
Ubp10/Dot4p and Ubp8p act on the same chromatin regions. As shown above, ubp10⌬ cells have higher steady-state levels of H2B ubiquitination than wild-type cells, and the levels are comparable to those in ubp8⌬ cells ( Fig. 1 and 7) . Interestingly, deletion of both UBP10 and UBP8 results in a synergistic increase in H2B ubiquitination ( Fig. 1 and 7) . We estimate from dilution blotting and densitometric analyses of blots that 2 to 3% of total H2B is ubiquitinated in wild-type cells, 7 to 10% in ubp10⌬ cells, 12 to 16% in ubp8⌬, and 35 to 40% in similarly found that H2B ubiquitination completely disappears (Fig. 7A) . H2B ubiquitination also disappears in either ubp10⌬ or ubp8⌬ cells during diauxie, though not completely as trace amounts of H2B ubiquitination could often be detected in both ubp10⌬ and ubp8⌬ cells with longer exposures (Fig. 7A and B) .
In ubp10⌬ ubp8⌬ cells, however, the majority of H2B ubiquitination originally detected in log phase is retained in diauxie (Fig. 7A ). Although it is not known whether Rad6p-Bre1p ubiquitination activity is reduced as cells enter diauxie, maintenance of the high steady-state levels of H2B ubiquitination in ubp10⌬ ubp8⌬ cells indicates that Ubp10p and Ubp8p are the primary enzymes required for reduction of H2B ubiquitination during this time. The persistence of global H2B ubiquitination in ubp10⌬ ubp8⌬ cells during diauxie, but not in ubp10⌬ or ubp8⌬ cells, further supports the idea that Ubp10p and Ubp8p overlap in many of the chromatin regions that they modify. The H2B ubiquitination that is still present in ubp10⌬ ubp8⌬ cells during diauxie is eliminated as cells enter stationary phase (Fig. 7A) . The loss of H2B ubiquitination in stationary phase is the likely the result of two things: Rad6p-Bre1p no longer ubiquitinates H2B and another mechanism eliminates ubiquitinated H2B. In ubp10⌬ ubp8⌬ cells we frequently observed an additional modified form of H2B with an increased molecular weight indicative of diubiquitination (Fig. 7B ). This correlated with the slow loss of H2B ubiquitination in ubp10⌬ ubp8⌬ cells as they transited into stationary phase (Fig. 7A) . We speculate that the persistence of monoubiquitin on H2B in ubp10⌬ ubp8⌬ cells increases the chance that H2B will become polyubiquitinated and ultimately removed by the proteasome, perhaps by degradation. It is not clear if this mode of H2B ubiquitination removal is normally operative in wild-type cells or if it is only a condition of losing both Ubp10p and Ubp8p function.
We also examined the steady-state levels of H3 Lys4 and Lys79 methylation in diauxic and stationary cells. In contrast to the increased steady-state levels of H2B ubiquitination that disappear in ubp10⌬ cells during diauxie and stationary phase, the increased steady-state levels of H3 Lys4 and Lys79 methylation remain throughout all phases (Fig. 7A) . Thus, the transient increase in H2B ubiquitination levels in ubp10⌬ cells leads to relatively stable increases in H3 Lys4 and Lys79 methylation.
Ubp10/Dot4p has a role in gene expression beyond telomeric loci. From the synergistic increase in H2B ubiquitination in ubp10⌬ ubp8⌬ cells ( Fig. 1 and 7) , it seemed that Ubp10p and Ubp8p might regulate H2B ubiquitination levels within some of the same chromatin regions. To examine this issue further, we examined gene expression profiles of ubp10⌬, ubp8⌬, and ubp10⌬ ubp8⌬ cells.
As stated above, 90 genes in ubp10⌬ cells have increased expression of 1.5-fold or greater, with 50 of these located within 20 kbp of the telomeres (Fig. 3 and 8) . Forty genes have reduced expression of at least 1.5-fold in ubp10⌬ cells, with only 7 genes located within 20 kbp of the telomeres (Fig. 3 and  8) .
By contrast, 17 genes have increased expression of 1.5-fold or greater in ubp8⌬ cells, and none are located within 20 kbp of telomeres (Fig. 8) , which is consistent with the fact that Ubp8p does not function in telomeric silencing (Fig. 5) . Also in ubp8⌬ cells, 17 genes have reduced expression of at least 1.5-fold, and only 4 of these genes are located within 20 kbp of the telomeres. Of the genes with altered expression in the ubp8⌬ transcript profile, the majority (22 of a total of 34) have SAGAdominated gene expression (38) , as expected from Ubp8p function in SAGA-mediated transcription (18, 33, 80) . It is worth noting that none of the 17 genes with increased expression in ubp8⌬ cells overlaps with those affected in ubp10⌬ cells, while just 3 genes with decreased expression in ubp8⌬ cells are shared with ubp10⌬ cells (Fig. 8A) .
As expected, the majority of genes affected in ubp10⌬ and ubp8⌬ cells are also affected in ubp10⌬ ubp8⌬ cells (Fig. 8A) . However, over 160 additional genes have increased expression of 1.5-fold or greater in ubp10⌬ ubp8⌬ cells compared to cells carrying either ubp10⌬ or ubp8⌬ alone. Of these additional genes, only 13 are located within 20 kbp of the telomeres ( Fig.  8B ; see also Table S1 in the supplemental material). The greater number of nontelomeric genes with increased expression in ubp10⌬ ubp8⌬ cells indicates a possible redundancy for Ubp10p and Ubp8p at these additional loci-either ubiquitin protease may be able to compensate in the absence of the Global steady-state H2B ubiquitination and H3 Lys4 dimethylation levels from whole-cell lysates derived from strains UCC6195 (wild-type UBP10), UCC6199 (ubp10⌬), UCC6184 (ubp10 C371S -6Myc), UCC6185 (ubp10 ⌬94-250 -6Myc), and UCC6186 (UBP10-6Myc) were assayed using anti-FLAG antibodies (FLAG-tagged H2B) or antibodies that specifically recognized H3 Lys4 dimethylation. (B) Loss of silencing does not affect H2B ubiquitination or H3 Lys4 methylation. Global steady-state H2B ubiquitination and H3 Lys4 dimethylation levels were assayed as described in panel A using strains UCC6195 (UBP10), UCC6196 (sir2⌬), UCC6197 (sir3⌬), UCC6198 (sir4⌬), and UCC6199 (ubp10⌬). (Fig. 8A) . Together, these data support the idea that Ubp10p and Ubp8p regulate H2B ubiquitination and gene expression at a shared set of loci in the genome.
DISCUSSION
We previously identified Ubp10/Dot4p as a ubiquitin protease whose enzymatic activity is required for optimal telomeric silencing (43, 85) . However, we had not identified any ubiquitinated proteins that are Ubp10p substrates. Here we report that Ubp10p negatively regulates histone H2B ubiquitination.
Ubp10/Dot4p's role in telomeric silencing may be the removal of H2B ubiquitination. Consistent with a role in silencing, we found that Ubp10p is targeted to silent regions by its Sir4p-interaction domain (Fig. 2) , and this interaction facilitates telomeric silencing by preventing the accumulation of H3 Lys4 and Lys79 methylation (Fig. 4) . Given Ubp10p's ubiquitin protease activity and the requirement of H2B ubiquitination for H3 Lys4 and Lys79 methylation (9, 20, 67, 91) , we propose that Sir4p targets Ubp10p to silent chromatin to remove ubiquitin from H2B. This, in turn, would decrease the probability that H3 Lys4 and Lys79 become methylated within silenced regions.
The role for Ubp10p in silencing is best considered in light of the dynamic binding nature of chromatin proteins. Chromatin proteins continually associate and dissociate from chromatin, including the proteins considered to have relatively stable associations in vitro (72, 73) . Indeed, Sir protein binding to silent chromatin is dynamic throughout the cell cycle, even in G 1 and M when the genome is not being replicated (14, 51, 56) . Temporary dissociation of Sir proteins from silent chromatin could leave these regions briefly accessible to the Rad6p-Bre1p complex and thereby susceptible to H2B ubiquitination. If fortuitous H2B ubiquitination persists for too long, this reversible histone mark could be converted into the more permanent marks of H3 Lys4 and Lys79 methylation, which would prevent the reassociation of Sir proteins and result in the loss of si- FIG. 7 . Ubp10p and Ubp8p overlap in their target chromatin regions. (A) Global steady-state levels of H2B ubiquitination and H3 Lys4 and Lys79 methylation from whole-cell lysates were assayed as described in the legend of Fig. 1 . Whole-cell lysates were derived from strains UCC6369 (wild type), UCC6390 (ubp10⌬), UCC6392 (ubp8⌬), UCC6393 (ubp10⌬ ubp8⌬), and UCC6163 (rad6⌬) that were harvested during log-phase growth, diauxie (overnight growth to saturation), and stationary phase (7-day saturation). (B) Some H2B ubiquitination persists in ubp10⌬ and ubp8⌬ cells in diauxie. H2B ubiquitination was assayed as described in the legend of Fig. 1 (Fig. 2) , loss of UBP10 does not appreciably alter HM silencing as measured by silencing reporters placed at either HM loci (85), global transcript analysis (see Table S1 in the supplemental material), ChIP assay of H3 Lys4 methylation (Fig. 4) , and quantitative mating assays of ubp10⌬ cells (data not shown). HM silencing is inherently more stable than telomeric silencing (31), due to the significant stabilization of Sir protein association with chromatin by the binding of Sir1p to HM loci silencer regions (15) . If this greater stability occurs by a reduction in Sir protein dissociation, it would readily explain the reduced reliance on Ubp10p action at the silent mating loci and maximal Sir protein binding to HMRa in the absence of UBP10 (Fig. 4) .
Ubp10/Dot4p negatively regulates global H2B ubiquitination and H3 Lys4 and Lys79 methylation. We found that loss of silencing, by deletion of any single SIR gene or the Sir4p-binding region in Ubp10p, does not result in higher steadystate levels of H2B ubiquitination or H3 Lys4 methylation (Fig.  6 ), despite the fact that these manipulations result in increases in H3 Lys4 methylation in silent regions (Fig. 4 ). Yet loss of Ubp10p catalytic activity, by deletion of UBP10 or mutation of the catalytic Cys residue, does result in higher steady-state levels of H2B ubiquitination and H3 Lys4 and Lys79 methylation (Fig. 6 ), indicating that Ubp10p activity is not limited to silent chromatin.
From these observations, it is likely that Ubp10p has a similar function elsewhere in the genome as it does in silent FIG. 8 . Loss of UBP10 and UBP8 has synergistic transcriptional effects primarily in active chromatin. Transcript array analysis using strains UCC6389 (wild type), UCC6390 (ubp10⌬), UCC6392 (ubp8⌬), and UCC6393 (ubp10⌬ ubp8⌬) was performed as described in the legend of Fig.  2. (A) Venn diagrams show the degree of overlap in expression changes between ubp10⌬, ubp8⌬, and ubp10⌬ ubp8⌬ cells. (B) Expression changes in ubp10⌬ ubp8⌬ cells are primarily in nontelomeric regions. Positional cluster analysis shows expression changes of genes based on distance from telomeres. Only genes that were expressed greater than or less than 1.5-fold in at least one of the strains are shown (total genes shown is 368). Genes located in telomeric regions are marked on the left. See Table S1 in the supplemental material for the entire normalized data set. (82, 92) . By contrast, H3 Lys4 trimethylation specifically occurs in the 5Ј coding portion of active genes and is absent from inactive genes (66, 82) . It has been suggested that H3 Lys4 trimethylation facilitates gene transcription and possibly serves as a memory mark for recent transcriptional activity (66, 82) . At inactive genes, H2B ubiquitination would have to persist long enough for some methylation of H3 Lys4 and Lys79 to occur but be eliminated before H3 Lys4 trimethylation occurs. Considering how loss of UBP10 affects the steady-state levels of H3 Lys4 methylation ( Fig. 1 and 7) , we propose that Ubp10p acts at inactive or repressed genes to facilitate this timely removal of ubiquitin from H2B. Consistent with this idea, the majority of nontelomeric genes with altered expression in ubp10⌬ and ubp10⌬ ubp8⌬ cells have increased transcription (Fig. 3 and 8) , indicating that Ubp10p may be involved in maintaining their inactivity or repression. This is not an indirect effect of losing silencing because the altered expression of these genes does not occur in ubp10 ⌬94-250 cells, which are specifically defective in telomeric silencing. Perhaps Ubp10p is targeted to inactive genes by repressive complexes, similar to recruitment by Sir4p to silent regions. If so, Ubp10p binding to repressors would have to be through a different domain than that used for binding to Sir4p. Alternatively, the loss of Ubp10p activity might indirectly affect transcription by alterations in the ubiquitination levels of other proteins in addition to H2B.
Ubp10/Dot4p and Ubp8p have separate and overlapping functions. In addition to its role in silencing, we propose that Ubp10p's regulation of global H2B ubiquitination levels overlaps, in part, with that of Ubp8p. While loss of either UBP10 or UBP8 results in higher steady-state levels of H2B ubiquitination and functionally different phenotypic consequences for the cell (Fig. 1 and 5) , the absence of both UBP10 and UBP8 together results in a synergistic increase in H2B ubiquitination levels and transcription ( Fig. 7 and 8 ). Overlapping roles for Ubp10p and Ubp8p in gene regulation or other chromatinrelated functions is further underscored by the persistence of ubiquitinated H2B in ubp10⌬ ubp8⌬ cells as they enter diauxie, which contrasts with the virtual disappearance of ubiquitinated H2B in ubp10⌬ and ubp8⌬ cells (Fig. 7) . Of course, Ubp8p and Ubp10p are separable in some functions: Ubp8p functions in SAGA-mediated transcription (18, 33, 80) , whereas Ubp10p functions in silencing (Fig. 5) . Also, Ubp10p, but not Ubp8p, regulates steady-state H3 Lys4 and Lys79 methylation levels, even though both regulate steady-state H2B ubiquitination levels (Fig. 1) . Despite these separable functions, the synergistic increases in steady-state H2B ubiquitination levels and transcription in ubp10⌬ ubp8⌬ cells underscore a potential overlapping role for these ubiquitin proteases.
The ubp10 ⌬94-250 allele demonstrates that Ubp10p regulates H2B ubiquitination outside of its defined role in silencing, but no such separation-of-function alleles that demonstrate a role for Ubp8p outside of the SAGA complex have been isolated. It was recently found that Sgf11p facilitates the interaction of Ubp8p with SAGA (41, 53, 74) . Interestingly, while purification of Sgf11p resulted primarily in the copurification of SAGA components, other transcriptional regulators also copurified with Sgf11p (74), indicating that Sgf11p may link Ubp8p to other chromatin-related processes in addition to SAGA-mediated transcription. Taking this and our findings into consideration, we believe Ubp8p functions in other aspects of H2B deubiquitination in addition to its defined role in SAGA-mediated transcription.
Although it is not clear at this point how Ubp10p and Ubp8p regulate H2B ubiquitination at common loci, such an effect could be the result of nonspecific chromatin binding that is independent of their targeted recruitment by Sir complexes and SAGA, respectively. As is the case for a number of histone acetylases and deacetylases (44, 47, 75, 94) , Ubp10p and Ubp8p may be able to remove H2B ubiquitination from chromatin throughout the genome without a high-affinity interaction. Some loci may be more susceptible to such "hit-and-run" activities, and alterations in H2B ubiquitination and gene expression are only revealed when both Ubp10p and Ubp8p are absent.
Multiple reasons for removal of ubiquitin from H2B. The cell may modulate H2B ubiquitination levels by these ubiquitin proteases for a variety of reasons. Removal of ubiquitin from H2B may be used during gene repression to prevent H3 Lys4 and Lys79 methylation, similar to Ubp10p's role in silencing (43, 85) . Deubiquitination of H2B may also facilitate transcription, as is the case for Ubp8p's role in SAGA-mediated transcription (18, 33, 80) . There is evidence that deubiquitination of H2B may also occur during mitosis to allow chromatin compaction (12, 57, 61) . Removal of ubiquitin from H2B may be important in halting transcription of mitotic genes as cells exit the cell cycle and may be the reason for deubiquitination of H2B as yeast cells transit into stationary phase (Fig. 7) . Lastly, removal of the single ubiquitin moiety from ubiquitinated H2B may be required to prevent multiubiquitination and subsequent degradation of modified H2B by chromatin-associated proteasomes (29, 30, 60) . These and other yet to be discovered outcomes of removing H2B ubiquitination likely contribute to the dynamic and flexible nature of chromatin.
Ubp10/Dot4p may have other roles beyond regulating H2B ubiquitination. It is important to note that Ubp10p may target other ubiquitinated proteins in addition to histone H2B. For instance, Ubp10p also appears to regulate the steady-state levels of the general amino acid permease Gap1p (42) . Because plasma membrane permeases are subject to regulated ubiquitination and endocytosis (34) , Ubp10p may indirectly affect transcription of some genes as a result of altered nutrient transport. In fact, ubp10⌬ cells have a slow-growth phenotype that is exacerbated in synthetic medium and by the presence of multiple amino acid and nucleotide auxotrophies (43) . Thus, in the absence of de novo biosynthetic capabilities, ubp10⌬ cells may be starved for essential nutrients due to impaired transport. Previous transcript analyses of ubp10⌬ cells grown in minimal medium found a large number of stress response genes with increased expression, coincident with an increase in cellular oxidative damage (70) . Nutrient starvation often results in a significant transcriptional stress response (28) , which is similar to that observed in ubp10⌬ cells grown in minimal medium (70) . Furthermore, protracted amino acid starvation induces production of reactive oxygen species and increases apoptosis in wild-type cells (21) , similar to what is observed in ubp10⌬ cells (70) . The increased expression of stress response genes is likely a secondary response to nutrient starvation in ubp10⌬ cells. Deletion of any SIR gene can partially compensate for the slow-growth phenotype and the transcriptional stress response in ubp10⌬ cells (43, 70) . Because a number of subtelomeric genes encoding cell wall stress proteins are regulated by modulation of silencing (1), sir⌬ suppression is also likely to be a secondary effect resulting from the increased expression of these proteins that allows sufficient cell wall structural changes to facilitate nutrient transport and partially alleviate the starvation of ubp10⌬ cells.
Understanding the complete nature of Ubp10p action in the cell will require efforts aimed at identifying all of its substrates and target chromatin regions. Construction and analysis of separation-of-function alleles, as done here with ubp10 ⌬94-250 , will help delineate Ubp10p action in active chromatin from that in silent chromatin. Because histone deubiquitination may be operative in many different species as a regulatory mode (12, 32, 58, 59, 61) , we believe further understanding of the role of Ubp10p in modulating histone H2B ubiquitination will yield greater insight into this common axis of chromatin regulation.
